OBJECTIVE: Experimental data suggest that obesity enhances the effects of ambient air pollutants on exacerbation of asthma; however, there is little supporting epidemiological evidence. The aim of present study is to evaluate whether obesity modifies the association between ambient air pollution and respiratory symptoms and asthma in children. METHODS: In Northeast China, 30 056 children aged 2-14 years were selected from 25 districts of seven cities. Parents of the children completed questionnaires that characterized the children's histories of respiratory symptoms and illness, and associated risk factors. Overweight and obesity were calculated with an age and sex-specific body mass index (BMI, kg m À 2 ), with BMIs of greater than the 85th and 95th percentiles defining overweight and obesity, respectively. Average annual ambient exposure to particulate matter with an aerodynamic diameter p10 mm (PM 10 ), sulfur dioxide (SO 2 ), nitrogen dioxides (NO 2 ) and ozone (O 3 ) was estimated from data collected at monitoring stations in each of the 25 study districts. RESULTS: We observed consistent and significant interactions between exposure and obesity on respiratory symptoms and asthma. The associations between each pollutant's yearly concentrations and respiratory symptoms and asthma were consistently larger for overweight/obese children than for normal-weight children, with odds ratios (ORs) ranging from 1.17 per 31 mg m À 3 for PM 10 on wheeze (95% confidence interval (CI): 1.01, 1.36) to 1.50 per 10 mg m À 3 for NO 2 on phlegm (95% CI: 1.21, 1.87) and cough (95% CI: 1.24, 1.81). CONCLUSION: These results showed that overweight/obesity enhanced respiratory health effects of air pollution in the study children.
INTRODUCTION
A large number of epidemiological studies examining the respiratory health effects of ambient air pollution have provided sufficiently convincing evidence that respiratory medical conditions are associated with ambient air particles and gaseous pollutants in the United States, [1] [2] [3] China, 4, 5 Canada, 6, 7 London, 8, 9 Italy, 10, 11 Greece, 12, 13 Korea 14, 15 and Chile. 16, 17 A growing body of literature has shown that obesity enhances the effects of air pollution on physiologic responses in the lungs of experimental animals and humans. [18] [19] [20] [21] [22] [23] [24] [25] Shore et al. 25 reported that when exposed to 2 p.p.m. O 3 (parts per million) for 3 h, the inhaled dose of O 3 per gram of lung tissue was greater among obese mice than among lean mice, and the airway hyper-responsiveness and airway inflammatory responses to O 3 were enhanced more in obese mice than in lean mice. In a controlled human study, O 3 -induced decrements in forced expiratory volume in 1 s (DFEV1) were seen in overweight and obese participants compared with normal-weight participants, even among non-asthmatic young adults exposed to 0.42 p.p.m. O 3 for 1.5 h. 19 These results from both mice and the controlled human study suggest that obesity may be a modifier for respiratory response to ambient air pollution exposure.
There has been, however, very little epidemiological evaluation of the effects of co-exposure to ambient air pollution and overweight or obese status on respiratory symptoms and asthma. One possible reason is that a suitable study site with both significant air pollution levels and high enough rates of obesity is difficult to identify. The Seven Northeastern Cities (SNEC) study, however, provides an ideal opportunity to examine the synergistic effects between air pollution exposure and obesity on the respiratory system; Dong et al. 26 have shown high air pollution levels in this region, with concentrations ranging wider than those reported in the published literature from developed countries. Additionally, yearly variations in pollutant levels in these cities were strongly associated with yearly variation in the prevalence of cough, phlegm, doctor-diagnosed asthma and wheeze. 26 Furthermore, a childhood obesity epidemic has begun to develop in the region in the past one to two decades.
Therefore, we hypothesize that there is an interaction between obesity and air pollution on children's respiratory symptoms and asthma in the SNEC. Specifically, we propose that overweight and obesity enhance respiratory responses to ambient air pollution among children, and the effect of air pollution is significantly stronger among overweight or obese children than the normal-weight children in the SNEC study, a cross-sectional study of air pollution and respiratory health in children conducted from 2008 to 2009.
MATERIALS AND METHODS

Site selection and participant recruitment
The SNEC study, a cross-sectional study of respiratory health effects of exposure to ambient air pollutants, was conducted in seven cities of the Liaoning province from 2008 to 2009. Liaoning province is located in Northeast China, and includes 14 cities total. We chose the seven cities in order to maximize the inter-and intra-city gradients of the pollutants of interest and minimize the correlation between district-specific ambient air pollutants. Based on the air pollution measurements between 2006 and 2008 from municipal air pollution monitoring stations, investigators selected the cities of Shenyang, Dalian, Anshan, Fushun, Benxi, Liaoyang and Yingkou from the Liaoning province in April 2009. In each of the seven cities, we selected all urban districts for the study. There are five districts in Shenyang, four districts in Dalian and Fushun, and three districts in Anshan, Benxi, Liaoyang and Yingkou. From these 25 districts, in April 2009, a sample of children was selected for the present study.
In each of the 25 study districts, one elementary school and two kindergartens were randomly selected for participation in the study. This selection resulted in 35 527 eligible participants. Each school was within 1 km of an air monitoring site. A total of 25 elementary schools and 50 kindergartens were chosen, and all children in these schools and kindergartens were recruited. All participants were required to have lived in their given district for no o2 years. Before the study, all parents were required to submit a completed consent form to the investigators or local study staff, permitting their child to participate. All procedures in the present study complied with the ethical standards of the Responsible Committee on Human Experimentation of China Medical University. The present study was also conducted in accordance with the principles outlined in the Helsinki Declaration.
Definition of obesity and overweight
Height and weight of all participants were measured using a standardized protocol from the World Health Organization, 27 in which height is measured to the nearest 0.5 cm, back against a wall, no shoes, eyes straight forward, and using a right-angle triangle placed on top of the head and against the wall. Weight measurements also followed the WHO protocol: a lever balance was used to measure weight to the nearest 100 grams, without shoes and in only minimal undergarments. Body mass index (BMI) was then calculated using the gathered weight data (kg) and dividing it by height (m) squared (kg m À 2 ). The BMI distribution was stratified by age and sex. We categorized BMI into age and sex-specific percentiles, based on the Centers for Disease Control and Prevention (CDC) BMI growth charts, which use 1-month age intervals. 28 According to the CDC standards, overweight is defined as a 'BMI greater than the age and sex-specific 85th percentile, and obesity, as BMI greater than the age and sex specific 95th percentile.' Assessment of ambient air pollution exposure 
Questionnaire survey
The SNEC study questionnaire gathered information about socio-demographic factors, history and current status of children's respiratory symptoms and illnesses, parental respiratory health histories and smoking status, smoking habits of all people living in the home, household ventilation characteristics, heating and cooking methods and fuel types, and number of years lived in the current residence. Local staff involved in the study went to the selected schools and informed teachers and students about the survey. The staff collected completed consent forms from parents, and invited them to a meeting where they could learn more about the details of the study. Parents or guardians who wished to complete the questionnaire at home returned it (via their child) in an envelope to the teacher. All questionnaire responses were electronically recorded in a database according to a standardized code and file structure.
Definitions of respiratory symptoms and asthma
Four respiratory symptoms and asthma responses obtained from the questionnaire were considered: doctor-diagnosed asthma, wheeze, cough and phlegm. We used definitions similar to those used in the American Thoracic Society and the Division of Lung Diseases (ATS-DLD-78) questionnaire survey, 29 the Harvard Six Cities and 24 Cities Studies, 30, 31 Twelve Southern California Communities Study 3 and Four China Cities Study.
5 Doctor-diagnosed asthma was considered as ever having been diagnosed with asthma by a physician. Wheeze was defined by meeting two criteria: (1) wheezy or whistling sound coming from the chest at any time in the past, either with or without a cold; (2) experiencing two or more such episodes in the past year. Cough was measured based on whether the child experienced a cough on most days (X4 days per week) during at least 3 months out of the past year, either with or without a cold. Phlegm was measured based on whether the child appeared congested, or produced phlegm or mucus from the chest on most days (X4 days per week) during at least 3 months out of the past year, either with or without a cold.
Statistical analysis
We considered cough, phlegm, doctor-diagnosed asthma and wheeze as the outcome variables (Y); four ambient air pollutants-PM 10 , SO 2 , NO 2 and O 3 as the key exposure variables; three bodyweight categories, normal weight, overweight and obese, defined by BMI, as the key covariate; and seven other covariates (X): age, sex, breast feeding habits, family history of atopy, passive smoking exposure, study district and parental education level. We used a two-level logistic regression model to analyze the air pollution effects on children's respiratory system. In the first level, we fitted logistic regression to predict the probabilities of the respiratory outcomes for each child using all covariates:
where the subscripts i and j refer to children and districts, respectively, a j are the district-specific intercepts, assumed to vary across all districts, l j are the district-specific coefficients for bodyweight, and b is the row vector of the coefficients for covariates X. In the second level, the random coefficients a j and l j were regressed on the district-specific pollutant levels (Z j ):
where e 1j and e 2j are random errors, assumed to be independently, normally distributed with mean of zero and constant variance, and a, l, g 1 and g 2 are fixed effects that are common to all districts. Combining models (1)- (3) results in the following composite mode:
where Z j Bodyweight ij is the cross-level interaction between bodyweight and air pollutant, reflecting the modification of the pollutant effect by bodyweight. The estimated coefficient for each predictor is the log odds ratio (OR) controlling for other predictors. We estimate the health effects using a single pollutant model. All analyses were conducted using the GLIMMIX procedure in SAS 9.2. All statistical tests were two-tailed, and P values o0.05 were considered statistically significant.
RESULTS
There were a total of 35 527 children in 25 elementary schools and 50 kindergartens, of which 31 649 returned the questionnaire to give an overall response rate of 89.1%. The participation rates varied from 81.3% in Yingkou to 94.7% in Dalian, which did not correlated with either pollution levels or diseases prevalence. In total, 1593 children (600 residing in the current district o2 years, 993 with insufficient data) were excluded from further analyses. Among the 30 056 children analyzed, the average age was 8.4 years (s.d. ¼ 2.7 years; range from 2 to 14), and 50.4% (15 137) were male. Table 1 contains the detailed information about the study population. Table 2 shows the baseline weight characteristics of the children. Among the participants, 12.3% (3704) were overweight and 14.1% (4233) were obese. We do not know why the obese rate is higher than the overweight rate in the current study. However, similar results have been reported from recently published studies conducted in China. The Nutrition Education in Urban Area of Northeast Chinese Children Study (NENCC) has assessed the prevalence of overweight and obesity among preschool-age children living in Northeast China. They show that higher proportion of obese children than overweight children. 32 Another recent study also reports rates of overweight and obesity in urban children were 11.0 and 11.8% in 2010 among 18 366 Mongolian children in China. 33 Overweight and obesity were significantly more common among boys (14.4% overweight, 18.2% obese) than among girls (10.3% overweight, 9.9% obese).
There was also a tendency for a higher prevalence of respiratory symptoms and asthma among overweight and obese children. Furthermore, the percentages of cough (w 2 ¼ 4.39, P ¼ 0.036) and wheeze (w 2 ¼ 7.80, Po0.01) were significantly higher in obese children than in overweight children.
High ambient pollution levels were observed in the 25 study districts. The arithmetic means of PM 10 . The association between each pollutant's concentrations and the studied respiratory symptoms and asthma was consistently stronger among children with a status of BMI X85% (overweight or obese) than among those with normal weight (Table 3 ). For cough, there were statistically significant interactions (Po0.05) between overweight or obesity with NO 2 (the interaction was marginally significant for PM 10 and O 3 ). For phlegm, the interactions between overweight or obesity with PM 10 or NO 2 were statistically significant (Po0.05). The interaction was marginally significant for SO 2 and O 3 . For Doctor-diagnosed asthma, a significant interaction was found between overweight and obese SO 2 (the interactions were marginally significant for PM 10 and NO 2 ). Furthermore, among children with a status of BMIX85%, When data were separated by overweight and obesity (Table 4) , we also observed consistent interactions. In general, the effects of air pollutants on cough and phlegm were strongest in obese children (OR ranged from 1.21-1.51 for cough and 1.39-1.60 for phlegm), less strong in overweight children (OR ranged from 1.21-1.48 for cough and 1.12-1.40 for phlegm) and weakest in normalweight children (OR ranged from 1.12-1.24 for cough and 1.09-1.12 for phlegm). For the doctor-diagnosed asthma and wheeze, ORs were highest in the overweight children and smallest in the normal-weight children with the OR in the obesity children in the middle, which may indicate the air pollution effects were strongest in overweight children, less strong in obese children and weakest in normal-weight children.
DISCUSSION
In this study, overweight and obesity modified the effects of air pollution in children. The respiratory health effects in the study districts were stronger among obese and overweight children than among normal-weight children.
It is difficult to compare the results of the present study with other studies because little literature exists on the interaction between ambient air pollution and obesity on respiratory symptoms and asthma in children. In a systematic Medline search, we identified only two relevant human studies using obesity as a modifier of the effect of ozone on respiratory responsiveness. One is a longitudinal survey, part of the Veterans Administration Normative Aging Study conducted in the United States in the Obesity, air pollution and respiratory health GH Dong et al greater Boston area. That study examined the interactions between obesity and ozone on lung function among 904 elderly men. 34 In that study, an increase in ozone of 15 p.p.b. during the preceding 48 h was associated with a greater decline in forced expiratory volume per second (FEV1) in the obese ( À 2.07%, 95% CI: À 3.25%, À 0.89%) than in the non-obese ( À 0.96%; 95% CI: À 1.70%, À 0.20%). These findings indicate that obesity modified the acute effect of ozone on lung function in the elderly. The second is a clinical trial conducted by Bennett et al., 19 examining the association between BMI and acute spirometric response to ozone exposure among 197 non-asthmatic young adults (aged 18-35) . The results of that study showed that after being exposed to 0.42 p.p.m. O 3 for 1.5 h, the decrement in FEV1 in % of baseline was significantly correlated with BMI (r ¼ À 0.16, P ¼ 0.03). Ultimately, these findings suggested that higher BMI may increase the risk of developing adverse pulmonary effects linked to ozone exposure. Compared with the two published studies, the present study is the first attempt to use a large cross-sectional study to explore the modification of obesity on respiratory health effects of air pollution in children. Our findings support the hypothesis that obesity enhanced respiratory health effects of ambient air pollution in the Chinese children under study.
The findings are supported by a few animal studies. A study group at the Harvard School of Public Health reported that when exposed to O 3 (2 p.p.m.) for 3 h, the inhaled dose of O 3 per g of lung tissue was greater in obese mice, and the lung tissue resistance, lung tissue damping, airway hyperresponsiveness and airway inflammatory responses to O 3 were enhanced in genetically obese mice compared with lean or normal-weight mice. 22, 25, 35 A more recent study demonstrated that a 25% increase in body weight was sufficient to augment pulmonary inflammation and responses to O 3 in mice that are obese because of a genetic deficiency in carboxypeptidase E, compared with normal-weight mice. 24 Considering that genetic deficiencies in mice are rarely found in humans, and may not be representative of human obesity, the same study group from Harvard conducted another experiment to evaluate the interaction between dietinduced obesity (more representative of the common causes of human obesity) and ozone on lung function, lung permeability, and inflammation in wild-type C57BL/6 mice. After the exposure to O 3 (2 p.p.m.) for 3 h, obese mice had increased levels of bronchoalveolar lavage fluid protein, interleukin-6, cytokineinduced neutrophil chemoattractant (KC), macrophage inflammatory protein-2, interferon-g-inducible protein-10 and eotaxin, compared with normal-weight mice. 23 The mechanism underlying the synergistic effects of ambient air pollution and overweight/obesity on respiratory health is not clear. A possible mechanism to explain our findings may involve airway inflammation, which is widely known to be an effect of ambient air pollution. 36 Airway wall inflammation is thought to have a central role in the development and progression of respiratory symptoms and asthma: compared with normal subjects, the ambient air pollution-induced inflammatory response has been shown to be higher in asthmatics. 37 Animal studies have demonstrated that exposure to ambient air pollutants caused epithelial damage, reduced mucin expression and increased tone of respiratory smooth muscle. 38 Clinical experimental studies showed that ambient air pollutants can initiate transformation of T H 1 to T H 2 cells, leading to the pro-atopic cascade of T H 2 cytokines (for example, IL-4, IL-13) found in the bronchoalveolar lavage, sputum and blood of patients with asthma. 39 A recent casecontrol study has shown that ambient air pollution could have a role in mediating epigenetic changes in Treg cells, which may worsen asthma by an immune mechanism. 40 For obesity, Beuther et al. 18 summarized findings from a variety of reported observations on the relationship between obesity and systemic inflammation, airway inflammation and asthma. They suggested that in obese individuals, visceral adiposity is correlated with circulating levels of pro-inflammatory cytokines, and adipose tissue propagates inflammation, both locally and systemically, in part through recruitment of macrophages via chemokines such as monocyte chemoattractant protein-1 (MCP-1), and in part via elaboration of cytokines and chemokines such as (but not limited to) leptin, interleukin-6, tumor necrosis factor a, transforming growth factor b1 and eotaxin. [41] [42] [43] As obesity and air pollution are both associated with increased inflammation, 18, 36 the authors speculate that obese children are more susceptible to the inflammatory effects of ambient air pollutant, leading to higher prevalence of respiratory symptoms and asthma, which would explain the interaction seen in our results. One recent study reported that air pollutants can increase infiltration and activation of immune-competent cells (like monocytes and macrophages) in adipose and other tissues. 44 Another recent study shows exposure to air particulate matter in early life of mice can be a risk factor for development of insulin resistance, adiposity and inflammation later, possibly through nicotinamide adenine dinucleotide phosphate oxidase-derived superoxide anions. 45 Air pollution might cause child obesity through other pathways. Increased evidence shows that air pollution is associated with increased deliveries of preterm birth and low birth weight. 46, 47 Ultrafine species of ambient air pollutants can be transported from the placenta to the fetus, which can cause maternal appetite suppression, vasoconstriction, and an impaired oxygen and nutrient supply to the placenta and fetal tissues. 48 Consequently, a birth weight reduction occurs. Evidence shows that low birth weight followed by catch up growth in the first year was associated with obesity in childhood. 49, 50 Restriction of nutrients in pregnancy can result in a 'thrifty phenotype' in infancy, which may lead to weight gain above the expected. 51, 52 Another explanation for the larger effect of air pollution among obese children is that low lung volumes were responsible for modifying the effect of air pollution. Previous studies have shown that obese individuals tend to have lower lung volumes than normal-weight individuals. 53 Additionally, owing to changes in the structure of the lungs, obese individuals have a reduced functional residual capacity compared with normal-weight individuals. 54 Breathing at low lung volumes has been shown to enhance development of dyspnea, which is associated with greater stiffness of the respiratory system, and may, therefore, increase risk of other respiratory complications in human subjects. 55 Obese humans have been shown to breathe with relatively smaller tidal volumes than individuals of normal weight, 56 which leads to a reduction in lung tissue stretching that could potentially affect sensitivity to ambient air pollution.
Breathing frequency might also influence the dose of air pollutants exposed to the lungs via increased residence time of air pollutants within the body. In animal studies, Shore et al. 25 reported that when exposed to O 3 (2 p.p.m.) for 3 h, the breathing frequency was higher in obese mice (282 breaths min À 1 ) than in normal-weight mice (246 breaths min À 1 ) (Po0.05), which led to the inhaled dose of O 3 per g of lung tissue being greater in obese mice than in lean mice. These different doses may have accounted for a portion of the variation in O 3 -induced inflammation. Furthermore, compared with adults, children are still growing physically and their lung function is still developing. So, reductions in thorax volume, resulting from increased abdominal mass and the buildup of fat in the space between the rib cage and lungs, may stunt lung growth and development in children, and ultimately lead obese children to be more sensitive to air pollution exposure than normal-weight children.
Although the study provides new data on the modification of obesity on the health effects of air pollution on respiratory symptoms and asthma in children, several limitations should be considered. The study used a cross-sectional design; therefore, a temporal relationship between exposure and outcome is impossible to establish. However, many large air pollution epidemiological studies have relied primarily on reports of respiratory medical conditions. This approach is approved to be the most practical, cost efficient method of gathering data from a large number of participants, while still being of generally good repeatability. 57 Potential recall bias and/or misclassification may be involved in the data collection process as this study relied largely on selfreported respiratory conditions. However, centrally and rigorously trained interviewers in this study used objectively uniform criteria and closed-ended questions to collect data. The need for interpretation was minimized from both interviewers and the parents or guardians. In addition, both the interviewers and parents or guardians were blinded to the greatest extent possible from knowing the study objective and the participants' exposure status. Therefore, it is likely that the 'responses' were non-differential, which would lead to underestimating the association. 58 
CONCLUSION
In conclusion, our results suggest that obesity-enhanced respiratory health effects of ambient air pollution in Chinese children under study. Further research is required to explore and develop alternative hypotheses that could help clarify the etiologic relationships and public health implications of the present findings. Our results have important public health implications, considering the current epidemic of childhood obesity on a global scale, as well as high levels of ambient air pollution in a country like China. The findings indicate an urgent need of developing a better technology and public health policy in protecting people from suffering both obesity and ambient air pollution.
